Aversive emotional reactions to real or imagined social harms infuse moral judgment and motivate prosocial behavior. Here, we show that the neurotransmitter serotonin directly alters both moral judgment and behavior through increasing subjects' aversion to personally harming others. We enhanced serotonin in healthy volunteers with citalopram (a selective serotonin reuptake inhibitor) and contrasted its effects with both a pharmacological control treatment and a placebo on tests of moral judgment and behavior. We measured the drugs' effects on moral judgment in a set of moral 'dilemmas' pitting utilitarian outcomes (e.g., saving five lives) against highly aversive harmful actions (e.g., killing an innocent person). Enhancing serotonin made subjects more likely to judge harmful actions as forbidden, but only in cases where harms were emotionally salient. This harm-avoidant bias after citalopram was also evident in behavior during the ultimatum game, in which subjects decide to accept or reject fair or unfair monetary offers from another player. Rejecting unfair offers enforces a fairness norm but also harms the other player financially. Enhancing serotonin made subjects less likely to reject unfair offers. Furthermore, the prosocial effects of citalopram varied as a function of trait empathy. Individuals high in trait empathy showed stronger effects of citalopram on moral judgment and behavior than individuals low in trait empathy. Together, these findings provide unique evidence that serotonin could promote prosocial behavior by enhancing harm aversion, a prosocial sentiment that directly affects both moral judgment and moral behavior. morality | punishment | ultimatum game | empathy | emotion C onsiderations of harm and care are central to human morality (1). Growing evidence supports the notion that empathic responses to the suffering of others are critical for motivating prosocial behavior (2, 3) . This claim is perhaps most strikingly supported by the case of psychopathy, in which marked deficits in empathy and guilt are in large measure responsible for morally inappropriate behavior (4, 5). Emotional reactions to moral transgressions also appear to infuse moral judgment (6). People often judge harms to innocent victims as morally forbidden even when such harms potentially achieve superordinate goals, such as saving the lives of many others (7, 8). Further, such moral condemnation is especially strong when harms are emotionally salient (7, 9, 10) and when negative emotions are primed (11).
Aversive emotional reactions to real or imagined social harms infuse moral judgment and motivate prosocial behavior. Here, we show that the neurotransmitter serotonin directly alters both moral judgment and behavior through increasing subjects' aversion to personally harming others. We enhanced serotonin in healthy volunteers with citalopram (a selective serotonin reuptake inhibitor) and contrasted its effects with both a pharmacological control treatment and a placebo on tests of moral judgment and behavior. We measured the drugs' effects on moral judgment in a set of moral 'dilemmas' pitting utilitarian outcomes (e.g., saving five lives) against highly aversive harmful actions (e.g., killing an innocent person). Enhancing serotonin made subjects more likely to judge harmful actions as forbidden, but only in cases where harms were emotionally salient. This harm-avoidant bias after citalopram was also evident in behavior during the ultimatum game, in which subjects decide to accept or reject fair or unfair monetary offers from another player. Rejecting unfair offers enforces a fairness norm but also harms the other player financially. Enhancing serotonin made subjects less likely to reject unfair offers. Furthermore, the prosocial effects of citalopram varied as a function of trait empathy. Individuals high in trait empathy showed stronger effects of citalopram on moral judgment and behavior than individuals low in trait empathy. Together, these findings provide unique evidence that serotonin could promote prosocial behavior by enhancing harm aversion, a prosocial sentiment that directly affects both moral judgment and moral behavior. morality | punishment | ultimatum game | empathy | emotion C onsiderations of harm and care are central to human morality (1) . Growing evidence supports the notion that empathic responses to the suffering of others are critical for motivating prosocial behavior (2, 3) . This claim is perhaps most strikingly supported by the case of psychopathy, in which marked deficits in empathy and guilt are in large measure responsible for morally inappropriate behavior (4, 5) . Emotional reactions to moral transgressions also appear to infuse moral judgment (6) . People often judge harms to innocent victims as morally forbidden even when such harms potentially achieve superordinate goals, such as saving the lives of many others (7, 8) . Further, such moral condemnation is especially strong when harms are emotionally salient (7, 9, 10) and when negative emotions are primed (11) .
Recent work in psychology and neuroscience suggests that certain "prosocial moral sentiments" (12) , including aversive emotional reactions to real or imagined harmful acts, are highly variable between individuals and across situations (13, 14) . However, the mechanisms that drive this variability are not well understood. Here, we use a unique experimental approach to explore the causal role of neurochemical systems in dynamically shaping moral judgment and behavior. Specifically, we show that the neurotransmitter serotonin directly modifies subjects' moral judgments and behavior by means of enhancing aversion to personally harming others.
Serotonin is richly involved in the biology of social behavior across species, from the swarming of locusts (15) to the social norms of Homo sapiens (16) . The serotonin system densely innervates structures previously implicated in moral judgment and behavior, including the ventromedial prefrontal cortex (vmPFC), insula, and amygdala (7, 10, (17) (18) (19) (20) (21) . Decades of research have shown that prosocial and affiliative behaviors are associated with intact or enhanced serotonin function, whereas antisocial and aggressive behaviors are associated with impaired or reduced serotonin function (22, 23) .
A common explanation for the relationship between serotonin and prosocial behavior is that serotonin promotes the effortful control of violent impulses or down-regulation of emotional reactions to provocation (24, 25) . Support for this emotion regulation account of serotonin in moral behavior is mainly based on observations that strong emotions often accompany the violent behavior that occurs in populations with impaired serotonin function (24, 25) , and that brain regions implicated in representing and regulating emotions, such as the orbitofrontal cortex (26, 27) , receive a high density of serotonergic input (17, 18) .
However, antisocial behavior may also result from impaired aversive responses to the distress of others (5, 28) . Such responses engage the amygdala and vmPFC (5), which also receive serotonergic inputs (18) . Recent work highlighting serotonin's involvement in enhancing expectations of aversive outcomes (29, 30) suggests an alternative, harm aversion account of serotonin in prosocial behavior: that serotonin amplifies the aversiveness of personally harming others and, in so doing, promotes prosocial behavior while discouraging antisocial behavior. If this hypothesis is correct, then enhancing serotonin should cause considerations of harm to loom large in moral judgment and behavior, even if there are contravening utilitarian benefits or fairness goals.
This study was designed to test between the emotion regulation and harm aversion hypotheses, while providing a unique approach to understanding the causal role of the brain's neurotransmitters in moral judgment and behavior. We manipulated serotonin in healthy volunteers by using the highly selective serotonin reuptake inhibitor (SSRI) citalopram, which boosts serotonin neurotransmission by blocking its reuptake and prolonging its actions in the synapse (31) . To probe the neurochemical specificity of serotonin in modulating moral judgment and behavior, we contrasted the effects of citalopram with those of atomoxetine, a relatively selective noradrenaline reuptake inhibitor that enhances noradrenaline neurotransmission (31) . Because noradrenaline has been strongly linked to executive functions (32, 33) , comparing the effects of citalopram with those of atomoxetine on moral judgment and behavior is relevant to the ongoing debate surrounding the role of executive control versus that of emotion in these processes (12, 34, 35) .
To examine the neurochemical modulation of moral judgment, we tested the effects of citalopram and atomoxetine on judgments in a series of moral dilemmas pitting utilitarian outcomes (e.g., saving five lives) against highly aversive harmful actions (e.g., killing an innocent person) that varied in emotional salience (10, 36, 37) . Personal scenarios involve emotionally salient violent acts (e.g., pushing someone in front of a train to prevent it from hitting five people); previous work has shown that these scenarios activate brain regions implicated in emotional processing, including the vmPFC and amygdala (7, 36) . In contrast, less emotionally salient impersonal scenarios (e.g., flipping a switch to divert a train to hit one person instead of five people) activate regions implicated in executive control, including lateral prefrontal and posterior parietal cortex (7, 36) . Personal harms are generally judged to be less acceptable than impersonal harms leading to identical outcomes, presumably because the emotional aversion to "up close and personal" violence influences judgment (6, 7) . Demonstrating a selective effect of citalopram on judgment in personal moral scenarios would therefore provide direct support for our hypothesis that serotonin modulates emotional aversion to harm, rather than other aspects of moral judgment.
Importantly, the emotion regulation and harm aversion accounts of serotonin function make opposite predictions about the direction of the effect of citalopram on moral judgment. If serotonin inhibits prepotent emotional responses, we might expect citalopram to blunt this emotional spur to moral judgment, thus increasing the acceptability of harming one person to save others in personal moral scenarios. In contrast, if serotonin amplifies the aversiveness of harming others, we would expect the opposite: citalopram should reduce the acceptability of harming one person to save others in personal moral scenarios.
We investigated the neurochemical modulation of moral behavior by using the ultimatum game (UG) (38) . In the UG, one player (the responder) decides whether to accept or reject monetary offers from another player (the proposer). If the responder accepts, both players are paid accordingly; if he rejects, neither is paid. Responders tend to punish proposers who offer less than ≈20-30% of the shared stake by rejecting their "unfair" offers (39) . Rejecting unfair offers enforces a fairness norm but also harms the other player financially; responders are thus forced to tradeoff concerns for fairness versus harm when considering unfair offers. We recently reported that temporarily lowering serotonin in healthy volunteers playing the role of responder increased their tendency to reject unfair offers in the UG (16) . In this study, we sought to extend these findings by testing whether serotonergic modulation of behavior in the UG is bidirectional and neurochemically specific. As in our previous study, participants played the role of responder in a series of one-shot UGs, deciding whether to accept or reject offers ranging from relatively fair (45% of the stake) to unfair (20% of the stake). We predicted that augmenting serotonin neurotransmission with citalopram would have the opposite effect of serotonin depletion, decreasing responders' rejection of unfair offers.
Note that such a result in the UG would be consistent with either proposed account of serotonin in prosocial behavior. Because several studies have shown that emotional reactions to unfairness motivate rejection (40) (41) (42) (43) , reduced rejection of unfair offers after citalopram could reflect enhanced regulation of emotional reactions (but see also ref. 44 ). Alternatively, decreased rejection of unfair offers could reflect increased aversion to harming the proposers. We were therefore critically interested in juxtaposing citalopram's effects on UG behavior with its effects on moral judgment in the same volunteers. Observing that citalopram reduces rejection rates in the UG and increases the acceptability of harming one person to save many others would support a role for serotonin in enhancing self-control in social contexts. This set of findings would be consistent with dual-process accounts of moral judgment and behavior, in which emotion and rational thought compete for behavioral output (34, 36) . In contrast, observing that citalopram reduces the acceptability of harming one person to save many others in conjunction with reducing rejection rates in the UG would support a role for serotonin in enhancing aversive emotional reactions to the prospect of personally harming others. This set of findings would be consistent with a more integrated view of emotional and cognitive mechanisms in generating prosocial sentiments, which guide moral judgment and behavior (12) .
Aversive emotional reactions to choices that harm others should be stronger in people high in empathy, who have a greater ability to share the affective experiences of others (3) . Empathy goes beyond mere emotional mimicry; it is grounded in an observer's perspective and motivates prosocial behavior (13) . We therefore investigated how trait empathy and state serotonin interact in modulating moral judgment and behavior. Previous work has shown that serotonin manipulations often have stronger effects on behavior in individuals with high trait levels of the measured behavior; state by trait interactions have been demonstrated for aggression, impulsivity, and social dominance (45) (46) (47) . In this study, we hypothesized that the effects of serotonin manipulations on moral judgment and behavior might be stronger in individuals high in trait empathy. We measured trait empathy by using the Interpersonal Reactivity Index (48), which predicts prosocial helping behavior (2) and modulates neural responses to other people's pain (49) . Demonstrating stronger prosocial effects of citalopram in highly empathic individuals would lend further support to our hypothesis that serotonin promotes prosocial behavior by means of enhancing harm aversion.
Healthy volunteers attended three sessions and received clinically relevant doses of citalopram (30 mg) and atomoxetine (60 mg) as well as placebo in a double-blind fully counterbalanced design. On each session, they completed the moral judgment task, the UG, and standard measures of executive function and mood.
Results
Consistent with previous findings, emotional salience influenced moral judgment. We compared participants' judgments of the acceptability of harmful actions in three types of scenarios (nonmoral control scenarios, emotionally salient personal scenarios, and less emotionally salient impersonal scenarios) after administration of citalopram, atomoxetine, and placebo. We found a main effect of scenario type (χ 2 = 42.990, P < 0.001); personal harms were judged to be less acceptable than impersonal harms (P < 0.001) and nonmoral actions (P < 0.001).
This pattern of moral judgment varied as a function of drug treatment, as indicated by a significant interaction between drug and scenario type (χ 2 = 10.672, P = 0.03; Fig. 1 ). Post hoc pairwise comparisons showed no significant differences between drug treatments for judgments of neutral scenarios (all P > 0.238) or impersonal scenarios (all P > 0.545). However, in the emotionally salient personal scenarios, citalopram made subjects far more likely to judge harmful actions as forbidden, reducing acceptability judgments relative to both placebo (P = 0.001) and atomoxetine (P = 0.048); atomoxetine and placebo did not differ from one another (P = 0.250).
We next examined the drugs' influence on moral behavior in the UG as participants played the role of responder, by comparing participants' rejection rates of fair (45%), unfair (30%), and most unfair (20%) offers after citalopram, atomoxetine, and placebo. As predicted, rejection rates increased with decreasing offer fairness (main effect of fairness: χ 2 =96.831, P < 0.001); fair offers were rejected less frequently than moderately unfair offers, which were rejected less frequently than the most unfair offers (all pairwise P < 0.001).
The harm-avoidant bias in moral judgment observed after citalopram was also evident in behavior during the UG. Only the serotonin manipulation influenced responder behavior, as indicated by a significant drug × fairness interaction (χ 2 =15.669, P = 0.003; Fig. 2 ). Citalopram reduced rejection of the unfair (30%) offers, relative to both atomoxetine (P = 0.009) and placebo (P = 0.034), which did not differ (P = 0.520).
After completing the UG, participants rated the fairness of a representative sample of offers received in the UG, but neither drug treatment influenced judgments of fairness. There was a significant main effect of fairness category on fairness ratings of offers (P < 0.001); as expected, after all three treatments, 45% offers were rated as more fair than 30% offers and 20% offers (all pairwise P < 0.001), but there were no significant effects of drug or session (all P > 0.12) on fairness ratings.
We did not observe significant effects of the noradrenalineenhancing drug atomoxetine on moral judgment or UG behavior, but atomoxetine did enhance performance on standard measures of executive control (SI Results), consistent with previous findings (32). Meanwhile, citalopram had no effect on executive control. Neither drug significantly influenced self-reported mood, and although both citalopram and atomoxetine produced mild nausea relative to placebo, physical side effects are unlikely to be responsible for the effects of citalopram on moral judgment and behavior (SI Results).
Next, we tested the hypothesis that the prosocial effects of citalopram on moral judgment and behavior would be stronger in individuals high in trait empathy. We examined the moderating influence of trait empathy on the neuromodulation of moral judgment by testing the effects of drug and scenario type on moral judgment, including trait empathy as a covariate. This analysis revealed main effects of scenario type (χ 2 = 8.557, P = 0.014) and drug (χ 2 = 7.425, P = 0.024), a significant interaction between drug and trait empathy (χ 2 =10.811, P = 0.004), and a significant interaction between drug, scenario type, and trait empathy (χ 2 = 11.557, P = 0.021). Because there were more females than males in the high empathy group, we included gender as a separate variable in this analysis; however, gender did not significantly impact moral judgment, and it did not interact significantly with any other variable.
To explore the interactions, we performed a median split on the empathy scores, dividing subjects into high and low empathy groups, and repeated the above analysis separately in each group. In the low empathy group, there was a significant main effect of scenario type (χ 2 = 14.949, P = 0.001), but the drug × scenario type interaction was not significant (χ 2 = 3.372, P = 0.498). In the high empathy group, there was a main effect of scenario type (χ 2 = 32.950, P < 0.001) and a significant drug × scenario type interaction (χ 2 =14.020, P = 0.007). Post hoc comparisons confirmed these findings: In the low empathy group, there were no significant differences between drug treatments for any scenario type (all P > 0.209). In the high empathy group, however, citalopram significantly reduced acceptability judgments of personal harms relative to both placebo (P < 0.001) and atomoxetine (P = 0.011). Thus, it appears that the effects of citalopram on judgment of personal harms observed in the whole group are driven by subjects high in trait empathy (Fig. 3A) .
To test whether trait empathy moderated the drug effects on behavior in the UG, we analyzed the effects of drug and fairness on rejection rates, including trait empathy as a covariate. This analysis revealed a main effect of offer fairness (χ 2 = 98.959, P < 0.001), a drug × fairness interaction (χ 2 = 15.750, P = 0.003), and a three-way interaction between drug, fairness, and trait empathy (χ 2 = 10.814, P = 0.029). Gender did not affect rejection rates, and it did not interact significantly with any other variable. As with the moral judgment analysis, we split our sample into a high and a low empathy group based on their trait empathy scores and performed separate analyses in each group. The main effect of fairness and the drug × fairness interaction were significant in both the high and low empathy groups, but post hoc comparisons revealed different drug effects on rejection rates as a function of trait empathy (Fig. 3B ). In the low empathy group, citalopram showed a trend toward reducing rejections of unfair (30%) offers, relative to atomoxetine (P = 0.063) but not placebo (P = 0.341); no other pairwise comparisons reached significance in this group. In contrast, the effects of citalopram were stronger in the high empathy group. Citalopram showed a trend toward reducing rejection of unfair (30%) offers relative to atomoxetine (P = 0.060), and significantly reduced rejection rates relative to placebo (P = 0.05); in the high empathy group, citalopram also reduced rejection of the most unfair (20%) offers, relative to atomoxetine (P = 0.027). As with moral judgment, the prosocial effects of citalopram on UG behavior appear to be driven by subjects high in trait empathy.
Discussion
The goal of this study was to examine the modulatory role of serotonin on human moral judgment and behavior. We were specifically interested in determining whether serotonin promotes prosocial behavior by supporting regulation of prepotent emotional reactions, or by enhancing the aversiveness of harming others. Our results support the harm aversion account of serotonin in prosocial behavior. Enhancing serotonin function with citalopram selectively influenced moral judgment in the emotionally salient personal scenarios; relative to placebo and the positive control atomoxetine, citalopram made subjects less likely to judge personal harms as permissible, without affecting judgments of impersonal harms. The fact that citalopram only influenced judgment in the emotionally salient personal scenarios, which evoke strong emotional reactions relative to impersonal scenarios (7, 10) , supports our hypothesis that serotonin enhances aversive emotional reactions to harm, which fits with serotonin's purported role in the neurobiology of punishments and threats (29, 30) .
A citalopram-induced harm-avoidant bias was also evident in behavior during the UG. Complementing our previous finding that serotonin depletion increased rejection of unfair offers in the UG (16), we found that citalopram affected UG behavior in the opposite direction, reducing rejection of unfair offers. The nature of the motivation underlying punitive rejection behavior in the UG is ambiguous. Rejecting unfair offers is simultaneously prosocial at the group level, because it enforces fairness norms (50), but antisocial at the individual level, because it harms the proposer (22) . The present findings imply that serotonin promotes prosocial behavior at the individual level; citalopram reduced both the willingness to endorse harming another person in hypothetical scenarios, and the willingness to harm another person in a real economic transaction. This set of findings fits with the extensive literature implicating reduced or impaired serotonin function in aggression (23) and supports our hypothesis that serotonin mitigates aggressive impulses by amplifying the aversiveness of harming others, rather than by improving emotion regulation. This effect was reflected in distinct measures of both judgment and behavior.
Notably, our pattern of results mirrors that observed in patients with damage to the vmPFC. After citalopram, our subjects were less likely to endorse personal moral harms and less likely to punish unfairness in the UG; previous studies have shown that vmPFC patients are more likely to endorse personal moral harms (10, 51) , and more likely to punish unfairness in the UG (19, 52) . One explanation of such results is that vmPFC patients suffer from a selective deficit in prosocial sentiments such as guilt and empathy (12, 53) . According to this account, our findings imply that serotonin enhances prosocial sentiments: After citalopram, subjects were less likely to advocate harming an innocent bystander and more likely to "turn the other cheek" and forgive unfair behavior. Whether these effects of manipulating serotonin arise specifically from its modulatory influence on vmPFC (or associated regions such as the insula) cannot be determined from the present findings, but this is a plausible hypothesis that could be tested further by using functional neuroimaging. Indeed, functional MRI studies have shown that the vmPFC processes prosocial moral sentiments, such as guilt and compassion, as distinct from other-critical feelings such as anger and indignation, processed in lateral prefrontal regions (12, 54) . Future studies should address how serotonin modulates the balance between anger, which could drive altruistic punishment, versus guilt and compassion, which could restrain punishment (12) .
The prosocial effects of citalopram on moral judgment and behavior in the UG were stronger in individuals high in trait empathy. This finding lends further support to the hypothesis that serotonin enhances aversive reactions to social harms, because these reactions are stronger in individuals high in trait empathy (3). We suggest that serotonin modulates empathic responses to harm-i.e., by boosting an already-present neural signal-rather than being the source of empathic responses. No studies have examined the influence of serotonin manipulations on more direct measures of empathy, such as neural responses to perceived pain in others, a promising avenue for future studies. Empathic neural responses to others' suffering involve the insula (3, 49), which receives a high density of serotonin modulation (17) , and serotonin manipulations influence the detection of emotion in faces (55) , which has been linked to trait empathy (56) . Serotonin also promotes the release of oxytocin and vasopressin (57), neuropeptides strongly implicated in empathy and prosocial behavior (58) .
The fact that the prosocial effects of citalopram were stronger in more highly empathic individuals also has consequences for the pharmacological treatment of aggressive and antisocial behavior. Serotonin has been implicated in a wide range of psychiatric disorders with antisocial and aggressive symptoms, including intermittent explosive disorder, antisocial personality disorder, and psychopathy (59-61), and these disorders are often treated with SSRIs such as citalopram (62) . Our findings suggest that trait empathy measures could predict whether patients are likely to respond to SSRI treatment and imply that such treatments are less likely to succeed in psychopaths and patients with vmPFC damage, both of whom show a marked lack of empathy (63) . A role for serotonin in prosocial sentiments may also have implications for understanding the excessive feelings of guilt in depressed patients (64).
Citalopram did not alter self-reported mood or executive control, indicating that the effects of citalopram on moral judgment and behavior cannot be explained by indirect effects on mood or cognitive function. However, manipulating noradrenaline with atomoxetine had a clear effect on executive function; in line with previous findings (32, 33), atomoxetine improved performance on two standard measures of cognitive control. But atomoxetine had no effect on moral judgment or behavior in the UG. Our findings therefore do not support the hypothesis that executive control processes compete with emotional reactions to harm in moral judgment, with the former promoting utilitarian responses (7); if this were the case, then atomoxetine (which enhanced executive function) would have increased the acceptability of harming one to save many in personal moral scenarios. Our findings also do not support the hypothesis that executive control processes compete with selfish impulses in the UG, with the former promoting rejection of unfair offers (50) ; if this were the case, then atomoxetine would have increased rejection of unfair offers in the UG. Our findings instead highlight the primacy of prosocial sentiments involving considerations of harm in shaping moral judgment and social behavior.
A limitation of this study is that both citalopram and atomoxetine induced nausea in some of our participants, although there was no significant difference between the drugs' induced nausea. Previous studies have shown that disgust covaries with moral judgment (11) and punishment in the UG (43) . However, it is unlikely that our pattern of results is simply due to drug-induced nausea, because only citalopram influenced moral judgment and UG behavior, even though nausea was slightly higher on atomoxetine; further, the effects of nausea on moral judgment went in the opposite direction from those of citalopram.
This study demonstrates that altering central serotonin function in healthy volunteers has selective causal effects on moral judgment and social behavior. Blocking serotonin reuptake with citalopram influenced moral judgment in emotionally salient personal scenarios, making subjects less likely to endorse harming one person to save many others, and also made subjects less likely to harm others via punishment in an economic game, effects that were stronger in highly empathic individuals. This pattern of results implies that serotonin promotes prosocial behavior by enhancing the aversiveness of harming others, an effect that drives both moral judgment and behavior. Our findings also have implications for the use of serotonin agents in the treatment of antisocial and aggressive behavior (47, 62) . Understanding the influence of serotonin on social and moral behavior is especially important because serotonin is implicated in a wide range of psychiatric disorders and sensitive to the environmental context (33) , which is a demonstrably powerful force shaping our social lives.
Materials and Methods
Participants. The protocol was approved by the Cambridgeshire Research Ethics Committee. Thirty healthy subjects (13 males; mean age, 25.6 y) were screened for neurological and psychiatric disorders by a consultant psychiatrist; each subject gave written informed consent before participating in the study. Exclusion criteria were any history of cardiac, hepatic, renal, pulmonary, neurological, psychiatric or gastrointestinal disorders, medication/drug use, and personal or family history of major depression or bipolar affective disorder. Participants were financially compensated. Two participants dropped out of the study before completing all three sessions. Two participants were excluded from all analyses because of severe peripheral side effects, and two participants were excluded for indicating at debriefing that they did not believe the UG was real. The final analysis was carried out in 24 participants.
General Procedure. Participants attended three sessions at Addenbrooke's Hospital in Cambridge, UK (at least 1 wk apart) and received single doses of atomoxetine (60 mg), citalopram (30 mg), and placebo in a double-blind fully counterbalanced design. We selected doses that were clinically relevant according to established treatment guidelines for attention deficit hyperactivity disorder (atomoxetine) and obsessive-compulsive disorder and depression (citalopram; British National Formulary; www.bnf.org), and in line with a previous study in our laboratory (65) . At the start of each session, participants completed mood and trait questionnaires and took the drug orally. Administration of cognitive testing was timed to coincide with the peak effects of both compounds, based on previous pharmacokinetic data. After spending 1.5 h in a quiet area, participants completed a mood questionnaire and the UG, moral judgment, and executive function tasks (SI Materials and Methods) as part of a larger cognitive testing battery. Mood was assessed by using visual analog scales and the Positive and Negative Affect Scale (66) . At the end of the third session, participants completed a debriefing questionnaire about their overall impressions of the study, including whether they believed they would be paid based on their choices during the UG and whether they had any suspicions about the order of drug administration.
Moral Judgment Task. The moral judgment task was adapted from previous studies of moral reasoning in healthy volunteers (36, 37 ) and brain lesion patients (10); all stimulus materials have been published elsewhere. In the task, participants made judgments on a series of hypothetical scenarios, presented as text on three screens. The first two screens described the scenario, and the third screen posed a question relevant to the current scenario (e.g., "Is it acceptable to. . .?"). Participants had unlimited time to read the scenarios and respond to the question, pressing the spacebar to advance through the scenario text and responding to the question with keys labelled "yes" and "no." Responding yes always indicated endorsement of the proposed action.
Participants responded to two types of moral scenarios designed to contrast the impact of emotional salience on moral judgment: (i) emotionally salient "personal" harms that involved harming one person to benefit many and (ii) "impersonal" harms that were less emotionally salient than the personal cases but also involved harming one person while benefiting many. Each subject also responded to a set of nonmoral scenarios. On each session, participants responded to 6 nonmoral scenarios, 6 impersonal moral scenarios, and 17 personal moral scenarios. The complete set of personal scenarios described both avoidable harms and inevitable harms (37) , whereas the set of impersonal scenarios described only avoidable harms; therefore, to better match the personal and impersonal scenarios we excluded the personal scenarios describing inevitable harms (n = 8) from the current analysis, focusing only on the personal scenarios describing avoidable harms (n = 9). Participants completed a different set of matched scenarios on each session to avoid repetition effects; task order was fully counterbalanced across sessions independently from drug order counterbalancing. The dependent measure of interest was the proportion of scenarios in each category endorsed as "acceptable." UG Task. We used the same UG task as in our first study (16) . Participants played the role of responder via computer interface. On each session, participants played the role of responder in 24 games, each with a different proposer. Proposer identities were randomly matched with offers. There were eight fair offers, ranging from 40% to 50% of the stake; eight unfair offers, ranging from 27% to 33% of the stake; and eight extremely unfair offers, ranging from 18% to 22% of the stake, presented in random order. Participants received identical offers on each session. On different trials, the same monetary amount could appear as a large percentage of the total stake and therefore "fair," or as a small percentage of the total stake and therefore "unfair." This design controlled for any effects of offer magnitude. After completing the UG task, participants rated the fairness of six offers representative of the different fairness categories on a Likert scale of 1 (very unfair) to 7 (very fair). The critical dependent measures were the proportions of offers rejected at each level of fairness and the fairness ratings at each level of fairness.
Data Analysis. In line with previous studies in this area (10, 19, 52) , response data were modeled by using generalized estimating equations (GEE) (67) . For the UG analysis, we analyzed rejection rates with drug, session, and fairness as within-subjects factors. For the Moral Judgment analysis, we analyzed acceptable judgment rates with drug, session, and scenario type as within-subjects factors. Factors were dropped from subsequent analyses when nonsignificant. When significant factors were found, we conducted post hoc pairwise Least Significant Difference tests (for non-normally distributed dependent variables) and t tests (for normally distributed dependent variables). Significant differences were set at P < 0.05.
Supporting Information
Crockett et al. 10 .1073/pnas.1009396107 SI Materials and Methods Ultimatum Game. During each trial, participants viewed sequentially a photograph of the proposer (1,500 ms), the amount of the stake (1,500 ms), and the amount of the offer (4,000 ms). Participants responded to each offer by pressing one of two buttons (labeled "accept" and "reject") while the offer was on the screen. In our previous study, the effects of the serotonin manipulation were strongest at the beginning of the task (M.J.C., unpublished observations), so in the current experiment, we used a shorter version of the task to minimize repetition and demands on participants. To enhance the credibility of the UG task, participants were told that they were part of a large ongoing study in which they would be playing the role of responder with volunteers who had submitted their offers previously. In addition, they were told they would have the opportunity to play the role of proposer with volunteers who would participate in the future, if they would allow their photograph to be taken and used in future sessions, and submit proposals for 12 different stake sizes. In reality, there were no actual proposers. Before the game started, the experimenter required a verbal confirmation that the participant understood the game. Participants were told that they would receive the financial outcomes from two trials that would be randomly selected at the end of the game. At debriefing, we asked whether participants believed the offers were made by the pictured proposers and that they and the proposers would be paid based on their choices. Two participants were excluded based on their negative responses to these questions.
Trait Empathy Measure. We assessed trait empathy by using global scores on the Interpersonal Reactivity Index (1), a 28-item selfreport questionnaire (Cronbach's α = 0.76). To examine interactions between trait empathy, drug treatment, and our behavioral measures, we performed a median split to divide our subject pool into high and low empathy groups. High and low empathy groups did not significantly differ in age (t = 0.334, P = 0.741), level of education (t = −1.665, P = 0.11), IQ as measured by the National Adult Reading Test (t = 0.286, P = 0.77), or serotonin transporter genotype (χ 2 = 0.686, P = 0.408). However, high and low empathy groups did differ according to gender (χ 2 = 4.196, P = 0.041). The female:male ratio was higher in the high empathy group than the low empathy group, although raw empathy scores were not significantly different between genders (t = 1.680, P = 0.107). We therefore controlled for gender when examining the impact of empathy.
Measures of Executive Function. To test the effects of the drugs on general aspects of executive function, we used two tasks: The rapid visual information processing (RVP) task, and the go/no-go task. The RVP task is a test of attentional vigilance with a working memory component, taken from the Cambridge Neuropsychological Test Automated Battery (CANTAB) (www.camcog.com). On this test, volunteers observed a continuous series of single digits appearing on-screen, and were asked to make a simple motor response whenever a target sequence occurred (e.g., "2" followed by "4" followed by "6"). Measures included target sensitivity (an index of the ability to discriminate signal from noise, range 0-1), response bias (a measure of the tendency to respond regardless of whether a target is present, range −1 to +1), and response latency.
The go/no-go task is a standard measure of motor response inhibition. Stimuli were 5 × 5 checkerboards composed of random configurations of blue and yellow squares. For half of the participants, "go" stimuli had a majority of blue squares and a minority of yellow squares; "no-go" stimuli had a majority of yellow squares and a minority of blue squares. For the other half of the participants, the go stimuli were yellow-dominant and the no-go stimuli were blue-dominant. During the task, stimuli were presented serially against a black background, for an average duration of 900 ms. Participants were instructed to press a key as quickly as possible in response to go stimuli but to avoid responding to no-go stimuli. In total, there were 28 no-go trials and 28 go trials. Average reaction times for correct go responses, proportion correct go responses (hits), and proportion incorrect no-go responses (commission errors) were recorded.
For the RVIP task, we analyzed target sensitivity, response bias and response latency measures, with drug and session as withinsubjects factors. For the go/no-go task, we analyzed commission error rates, average go reaction times, and proportion of correct go responses, with drug and session as within-subjects factors.
Data Analysis. In within-subject designs, the appropriate index of variation is not the SEMs but the SE of the difference of the means (SED), which is used when one is interested in the relationship between variables rather than the variables themselves. The SED is therefore used in the figures as an index of variation. The SED is calculated by using the formula provided in Cochran and Cox (2):
MSe = mean square for the error, or residual, term, and n = number of observations made.
The SED is the denominator for Student's t test and also provides a visual method of comparing mean values in graphical depictions of within-subject designs.
For the self-report mood assessment, we analyzed the difference scores (pretest -baseline) of positive and negative affect scales, and the nauseous, drowsy, hostile, energetic and attentive visual analog scales.
SI Results
Executive Function. We examined performance on two standard measures of executive function: the rapid visual information processing (RVP) test, which evaluates sustained attention and working memory; and the go/no-go task, which measures motor response inhibition. Atomoxetine, but not citalopram, improved executive function as assessed by these measures (Fig. S1 ). We found significant main effects of drug (P = 0.004) and session (P < 0.001) on target sensitivity in the RVP task. Target sensitivity was significantly improved on session 2 compared with session 1 (P = 0.034) and on session 3 compared with session 2 (P = 0.04). Atomoxetine improved target sensitivity, relative to both citalopram (P = 0.026) and placebo (P = 0.002). There was also a significant effect of testing session on response latency (P = 0.006). Responses were faster on session 2, relative to session 1 (P = 0.001). We also found a significant main effect of drug (P = 0.031) on commission error rates in the go/no-go task. Atomoxetine reduced commission error rates, relative to citalopram (P = 0.009). There were no significant effects of drug, session, or their interaction on go reaction times or proportion correct go responses (all P > 0.216).
Self-Report Mood. There were no significant effects of drug or session on changes from baseline to pretest on self-reported positive affect, negative affect, drowsiness, hostility, energy, or attention (all P > 0.167). However, there was a significant effect of drug on selfreported nausea (P = 0.016). Compared with the placebo condition, participants reported greater increases in nausea from baseline to pretest on both citalopram (P = 0.04) and atomoxetine (P = 0.001). Citalopram and atomoxetine did not differ significantly with respect to induced nausea ratings (P = 0.144).
To examine the possibility that our observed behavioral effects were due to nausea rather than changes in serotonergic neurotransmission, we repeated the above analyses including selfreported changes in nausea as a covariate. For the UG, the drug × fairness interaction remained significant (P = 0.024), and the three-way interaction between drug, fairness, and nausea was not significant (P = 0.148).
For the moral judgment task, the drug × scenario type interaction remained significant (P < 0.001), but we also observed a significant three-way interaction between drug, scenario type, and nausea (P < 0.001). To examine this interaction, we conducted a number of follow-up analyses. First, we examined correlations between self-reported nausea and acceptability judgments, broken down by drug and scenario type. Only one significant correlation was observed: Subjects reporting greater nausea on citalopram were more likely to rate personal avoidable harms as acceptable (r = 0.481, P = 0.017). We also examined the relationship between drug-induced nausea and drug effects on moral judgment by correlating nausea ratings with drug effects (relative to placebo) for each scenario type. The only significant correlation was between citalopram-induced nausea and the effect of citalopram on judgment of personal avoidable harms (r = −0.406, P = 0.04); subjects showing the greatest effect of citalopram on moral judgment (relative to placebo) were those reporting the lowest nausea. Because the effect of citalopram on moral judgment went in the opposite direction of the observed nausea effects (i.e., citalopram caused fewer acceptability judgments, whereas nausea was associated with more acceptability judgments), it is unlikely that the reported behavioral effects of citalopram are simply due to nausea; if anything, the effects of nausea made it more difficult to detect effects of citalopram.
Confirmation of Double-Blind Procedure. At debriefing on the final session, we asked participants to indicate if they had any suspicion about the order of drug administration by using a Likert scale ranging from −3 (not at all suspicious) to +3 (completely suspicious); a rating of zero indicates a neutral suspicion level. Participants were also asked to write down which drug they believe they received on each day. On average, participants' suspicion ratings were not significantly above neutral (mean = 0.208, SE = 0.458). Only two participants correctly guessed the order of drug administration.
SI Discussion
Acute doses of reuptake inhibitors such as citalopram reduce neurotransmitter reuptake shortly after administration (3), but at low doses the resulting effects on neurotransmission may be countered by negative feedback of neurotransmitter release via presynaptic autoreceptors (4) . For this reason, we chose a dose of citalopram at the higher end of established treatment guidelines. In this study, we found that citalopram influences social behavior in the UG in the opposite direction from tryptophan depletion (5), which lowers 5-HT synthesis (6) . This result suggests that our chosen dose of citalopram enhanced 5-HT neurotransmission in our volunteers. The enhanced executive performance we observed on atomoxetine is consistent with a functional MRI study showing significant enhancement of inhibitory control by atomoxetine in conjunction with a dose-dependent boosting of the BOLD signal in the inferior prefrontal cortex (7) and other evidence that cortical noradrenaline participates in executive control (8) . Fig. S1 . Effects of citalopram and atomoxetine on executive function atomoxetine (NA) enhanced executive function in the go/no-go task (reduced commission error rates), relative to citalopram (5-HT); in the Rapid Visual Information Processing (RVP) task (enhanced target sensitivity), relative to both citalopram and placebo. **P ≤ 0.05; ***P ≤ 0.01. Error bars represent twice the SE of the difference of means.
